Abstract-Caspase recruitment domain 6 (CARD6), a crucial member of the CARD family, was initially shown to be involved in the immune system and oncogenesis. However, the role of CARD6 in chronic pressure overload-induced cardiac hypertrophy remains unexplored. To evaluate the impact of CARD6 on pathological cardiac hypertrophy, cardiac-specific CARD6 knockout mice and transgenic mice with cardiac-specific CARD6 overexpression were generated and subjected to aortic banding for 4 weeks. Our results demonstrated that CARD6-deficient mice aggravated aortic banding-triggered cardiac hypertrophy, ventricular dilation, fibrosis, and dysfunction, as measured by echocardiography, immunostaining, and molecular/biochemical analyses. Conversely, CARD6-overexpressing mice exhibited an attenuated hypertrophic response to chronic pressure overload. Similarly, using cultured neonatal rat cardiomyocytes, we found that adenovirus vectordriven overexpression of CARD6 dramatically limited angiotensin II-induced myocyte hypertrophy, whereas knockdown of CARD6 by AdshCARD6 (adenoviral short hairpin CARD6) exhibited the opposite phenotypes. Furthermore, analysis of the signaling events in vitro and in vivo revealed that CARD6-mediated protection against cardiac hypertrophy was attributed to the interruption of mitogen-activated protein kinase kinase (MEK) kinase-1-dependent MEK-extracellular signal-regulated protein kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase 1/2 (JNK1/2) activation. Altogether, these data indicated that CARD6 serves as a novel cardioprotective factor via negative regulation of MEK kinase-1-dependent MEK-ERK1/2 and JNK1/2 signaling. Thus, our study suggests that CARD6 may be a novel target for the treatment of 
C ardiac hypertrophy, an early milestone during the clinical course of heart failure, increases the risk of cardiac morbidity and mortality. 1, 2 In fact, clinical and epidemiological studies have identified that cardiac hypertrophy is an important independent risk factor for the development of heart failure and malignant arrhythmia. 3 Initially, cardiac hypertrophy arises as an adaptive response to various common disease stimuli, for example, longstanding hypertension, valvular insufficiency, valvular stenosis, myocardial infarction, and coronary artery disease. However, sustained or excessive cardiac hypertrophy can progress to contractile dysfunction and cardiac decompensation, eventually leading to heart failure, arrhythmia, and sudden death. 4 Recently, the multiple signaling mechanisms that control cardiomyocyte growth have been studied extensively, but the molecular mechanisms that mediate the development of cardiac hypertrophy and the transition to heart failure remain incompletely understood.
Caspase recruitment domain 6 (CARD6), also known as a microtubule-interacting protein, belongs to the CARD family. 5 CARD6 expression can be induced by interferon in a variety of cell types, including T lymphocytes, B lymphocytes, thymocytes, and splenocytes. 6 Once expressed, CARD6 either transmits or amplifies the intracellular signals to downstream effector molecules, which activate or suppress intracellular signal pathways to regulate biological processes. 5, 7 Previous studies have implicated CARD6 as a tumor activator gene in gastric, colorectal, and esophageal cancers. 8 In addition, CARD6 regulates the innate and adaptive immune responses, and it plays critical roles in infectious diseases. 6 Interestingly, an increasing number of studies has supported the involvement of immune and tumor modulatory factors in modulating cardiac hypertrophy, such as signal regulatory protein-α, interferon regulatory factor 7, Ras-association domain family 1 isoform A, and A20. [9] [10] [11] [12] These functional impacts of modulatory factors on cardiac hypertrophy and pathological remodeling suggest that CARD6 may exert prominent regulatory effects on cardiac pathology. Notably, CARD6 is expressed ubiquitously in various tissues including the heart. 5 However, to the best of our knowledge, the role of CARD6 in cardiac hypertrophy has not been studied yet. Therefore, it will be interesting to determine the consequences of ablation and overexpression of CARD6 in the heart after chronic aortic banding (AB).
In the present study, our findings indicated that CARD6 was strikingly altered in human dilated cardiomyopathic hearts and in pressure overload-induced hypertrophic mouse hearts. Moreover, we found that disruption of CARD6 accelerated pressure overload-triggered cardiac hypertrophy, fibrosis, and dysfunction. In contrast, cardiac-specific overexpression of CARD6 significantly mitigated hypertrophic responses. Importantly, inactivation of MEK kinase-1 (MEKK1) was required for CARD6-mediated cardioprotection through suppressing its downstream signaling, including MEK-ERK1/2 and JNK1/2. Our results indicate that CARD6 functions as a novel negative modulator of pathological cardiac hypertrophy via regulation of MEKK1-dependent MEK-ERK1/2 and JNK1/2 signaling.
Materials and Methods
The animal protocol was approved by the Animal Care and Use Committee of Nanjing Medical University. A detailed Methods section is available in the online-only Data Supplement, which includes detailed methods on the following: Reagents, Human Heart Samples, Animal Models and Procedures, 6 Echocardiography Evaluation, 13, 14 Histological Analysis, Quantitative Real-Time Polymerase Chain Reaction (PCR) and Western Blotting, Cultured Neonatal Rat Cardiomyocytes (NRCMs) and Recombinant Adenoviral Vectors, [14] [15] [16] and Statistical Analysis.
Results

CARD6 Expression in Failing Human Hearts and Hypertrophic Mouse Hearts
To investigate the potential role of CARD6 in the development of heart failure, we first analyzed whether expression levels of CARD6 were altered in pathological hypertrophic hearts. Both real-time PCR and Western blot assays revealed that the mRNA and protein expression levels of CARD6 were significantly increased by ≈110% in failing dilated cardiomyopathic hearts (n=7) compared with normal donor hearts (n=5; Figure S1A in the online-only Data Supplement; Figure 1A ). In addition, the upregulation of CARD6 was correlated with the reinduction of a fetal gene profile in the ventricular myocardium, including atrial natriuretic peptide (ANP), brain natriuretic peptide, and β-myosin heavy chain (β-MHC; Figure S1B ). Similarly, the expression levels of cardiac hypertrophy markers (ie, ANP, brain natriuretic peptide, and β-MHC) were dramatically elevated at week 2 and more pronounced from 4 to 8 weeks after AB ( Figure S1D ). Compared with the sham-operated hearts, the expression levels of CARD6 were significantly increased in the experimental mouse hearts subjected to AB from weeks 2 to 4 and then markedly reduced at week 8 ( Figure 1B ; Figure S1C ; P<0.05 versus sham). Furthermore, after treating cultured NRCMs with angiotensin II (Ang II; 1 μmol/L) for 24, 48, and 72 hours to induce hypertrophy in vitro, we found that the protein expression levels of CARD6 were significantly decreased at 72 hours, but its expression was gradually increased in cardiomyocytes at 24 and 48 hours after Ang II stimulation ( Figure 1C ; P<0.05 versus PBS). Taken together, the altered pattern of CARD6 expression levels in human failing hearts, hypertrophic mouse hearts, and cardiomyocytes treated with Ang II in vitro suggested that CARD6 may be involved in cardiac hypertrophy and heart failure. Figure 2A and 2C). Accordingly, the mRNA expression of hypertrophy markers (ANP and β-MHC) was enhanced dramatically in AdshCARD6-infected cardiomyocytes ( Figure 2D ), but the expression of these markers was suppressed remarkably in AdCARD6-infected cells ( Figure 2E ) compared with controls. These in vitro data confirmed that upregulation of CARD6 alleviates cardiac hypertrophy, whereas downregulation of CARD6 promotes pathological cardiac hypertrophy.
Cardiac-Specific Knockout of CARD6 Aggravates Cardiac Hypertrophy and Failure Induced by Pressure Overload
To examine the cardiac-specific effects of CARD6 during hypertrophy in vivo, we used a tamoxifen-inducible α-MHC-Cre system to delete CARD6 (knockout) in the hearts of adult mice Figure S3A and S3B). It is important to note that at baseline, the cardiac-specific CARD6 knockout (cCARD6-KO) mice were viable, fertile, and had no pathological alterations in their heart morphology or contractile function (data not shown). However, 4 weeks after AB, CARD6-deficient hearts exhibited significant hypertrophic deterioration, as indicated by a greater gross heart size ( Figure 3A) , increased cardiomyocyte cross-sectional area (wheat germ agglutinin staining; Figure 3A and 3B), and higher ratios of heart weight (HW)/body weight (BW), lung weight/BW, and HW/tibia length ( Figure 3C ) compared with AB-treated CARD6-Flox hearts. Accordingly, the mRNA expression levels of hypertrophic markers, including ANP, brain natriuretic peptide, and β-MHC in hearts from cCARD6-KO mice were higher than those in CARD6-Flox mice after a 4-week course of AB ( Figure S3C Figure 3D ; Table S1 ). Moreover, LV contraction was significantly aggravated in cCARD6-KO hearts (fractional shortening: cCARD6-KO/23%) compared with that in CARD6-Flox hearts (CARD6-Flox/34%; P<0.05; Figure 3D ).
To further define the effects of CARD6 deficiency on maladaptive cardiac remodeling, we evaluated myocardial fibrosis, another hallmark of pathological cardiac hypertrophy. The extent of fibrosis was quantified by collagen volume through the visualization of the total amount of collagen present in the interstitial and perivascular spaces of the heart. Our results revealed that both interstitial and perivascular fibrosis, as measured by picrosirius red staining, were dramatically enhanced in cCARD6-KO hearts subjected to chronic AB, but they were markedly limited in CARD6-Flox hearts ( Figure 3E ). In addition, quantitative analysis showed a significantly increased collagen volume in cCARD6-KO hearts compared with CARD6-Flox hearts ( Figure 3F ). Finally, we examined the synthesis of collagen by analyzing the expression of mRNAs encoding collagen I, collagen III, and connective tissue growth factor ( Figure S3D ), which consistently indicated an increased fibrotic response in knockout mice. Overall, these in vivo findings indicated that absence of CARD6 in the heart aggravates cardiac hypertrophy and sensitizes mice to hypertrophic stimuli and associated derangements, such as fibrosis.
Overexpression of CARD6 Attenuates AB-Induced Cardiac Remodeling
Subsequently, we sought to determine whether CARD6 overexpression in the heart could prevent the progression of cardiac hypertrophy in vivo. To address this concern, we generated a transgenic mouse line carrying the full-length murine CARD6 cDNA under the control of the α-MHC promoter ( Figure S4A ). In total, 4 independent lines of transgenic mice (transgenic-2, transgenic-5, transgenic-6, and transgenic-8) were confirmed by Western blot analysis ( Figure S4B ). Under basal conditions, all the lines were healthy and exhibited no apparent morphological or pathological cardiac abnormalities (data not shown). Western blotting showed a spectrum of CARD6 overexpression ranging from moderate overexpression in transgenic-2 mice to high levels in transgenic-8 mice, and the mouse line that had the highest level of CARD6 expression in the heart (transgenic-8) was selected for the subsequent experiments ( Figure S4C ). To determine the effect of increased CARD6 expression in hearts on chronic pressure overload, transgenic mice and their nontransgenic littermates were subjected to AB for 4 weeks. In contrast to the results observed in cCARD6-KO mice, overexpression of CARD6 significantly mitigated the pathological cardiac hypertrophy induced by chronic AB, as evidenced by a reduction in the cross-sectional area of cardiomyocytes ( Figure 4A and 4B) and hypertrophy markers (ANP, brain natriuretic peptide, and β-MHC; Figure S4D ) in transgenic mice compared with nontransgenic mice. In parallel, after 4 weeks of AB, the HW/BW, lung weight/BW, and HW/ tibia length ratios were significantly decreased in transgenic mice compared with nontransgenic mice ( Figure 4C ). In accordance with these results, myocardial contractile function, as measured by echocardiography analyses, were greatly improved in transgenic mice compared with nontransgenic mice ( Figure S4E ; Table S2 ). Picrosirius red staining revealed that the fibrosis present in both interstitial and perivascular spaces was significantly reduced in transgenic mice compared with nontransgenic mice in response to AB ( Figure 4D and 4E ). Subsequent analysis demonstrated that the expression levels of fibrosis markers (collagen I, collagen III, and connective tissue growth factor) were consistently decreased in transgenic mice compared with those in nontransgenic mice ( Figure S4F ).
Considering that diverse hypertrophic stimuli can act on different receptors and induce different molecular responses, 1, 2 we then performed in vivo studies using Ang II infusion, a classic method for inducing hypertrophy. Consistent with the results observed during AB, the ratios of HW/BW, lung weight/BW, and HW/ tibia length were dramatically lower in transgenic mice compared with nontransgenic mice after 4 weeks of Ang II infusion (2.0 mg/kg per day; Figure S5A ). A, Histological analysis using hematoxylin and eosin (H&E) staining and wheat germ agglutinin (WGA) staining in nontransgenic (NTG) and transgenic (TG) mice at 4 weeks after sham or AB surgery (n=4-6 mice per experimental group). Scale bars, 500 μm (gross histology, H&E staining) and 50 μm (H&E and WGA staining). B, Statistical results for the myocyte cross-sectional area (n=100+ cells per experimental group). C, The heart weight (HW)/body weight (BW), lung weight (LW)/BW, and HW/tibia length (TL) ratios in the indicated groups at 4 weeks after AB surgery (n=10-12 mice per experimental group). D, Picrosirius red (PSR) staining of heart sections from the indicated groups (n=6 mice per experimental group; scale bar, 50 μm In addition, compared with nontransgenic mice, transgenic mice exhibited more blunted hypertrophic responses to Ang II, as indicated by a smaller ventricular cross-sectional area and less cardiac fibrosis ( Figure S5B-S5D) . Accordingly, we assessed the cardiac structure and function (LV end-diastolic dimension, LV end-systolic dimension, and percentage of fractional shortening) of nontransgenic and transgenic mice. As expected, after 4 weeks of Ang II infusion, transgenic mice exhibited a mild ventricular dilatation and cardiac dysfunction compared with nontransgenic mice ( Figure S5E ). Together, these in vivo gain-of-function data supported the notion that CARD6 may mediate stress-dependent pathological cardiac hypertrophy and is generally required to protect the heart from cardiac remodeling.
CARD6 Inhibits Pressure Overload-Mediated MEK-ERK1/2 and JNK1/2 Signaling Pathway
The present results demonstrated that CARD6 plays a protective role in cardiac hypertrophy. However, the molecular mechanisms through which the upregulation and downregulation of CARD6 in hearts affect the hypertrophic responses on stress stimuli remain unknown. To elucidate these possible mechanisms, we next investigated the expression and activity of mitogen-activated protein kinase (MAPK) signaling molecules (ie, MEK1/2, ERK1/2, JNK1/2, and P38), as the MAPK pathway is known to play a crucial role in pathological cardiac hypertrophy. 17 The expression levels of phosphorylated MEK1/2, ERK1/2, and JNK1/2 were greatly increased in cCARD6-KO hearts compared with CARD6-Flox hearts after 4 weeks of AB ( Figure 5A ). In contrast, CARD6 overexpression reduced AB-triggered activation of MEK1/2, ERK1/2, and JNK1/2, as evidenced by remarkably decreased phosphorylation of MEK1/2, ERK1/2, and JNK1/2 in transgenic hearts relative to control hearts ( Figure 5B ). Unexpectedly, under pressure overload, neither the overexpression nor the ablation of CARD6 in mouse hearts altered the expression level of phosphorylated P38 ( Figure 5A and 5B). To further validate these results, we increased or decreased CARD6 expression in vitro by infecting cultured NRCMs with either AdshCARD6 or AdCARD6, followed by treatment with 1 μmol/L Ang II or PBS control for 48 hours. Western blotting revealed that in response to Ang II, knockdown of CARD6 in NRCMs markedly enhanced MEK1/2, ERK1/2, and JNK1/2 phosphorylation compared with control AdshRNA cells ( Figure S6A ). Inversely, the phosphorylation of MEK1/2, ERK1/2, and JNK1/2 was suppressed in the CARD6 overexpression compared with that observed in the control cells ( Figure S6B ). These results suggested that CARD6 may exert cardioprotective effects via negative regulation of MEK-ERK1/2 and JNK1/2 signaling.
CARD6-Mediated Antihypertrophic Effects Mainly Impair MEKK1 Signaling Pathway
Considering that activation of MEKK1, an upstream regulator of ERK1/2 and JNK1/2, has been shown to participate in cardiac hypertrophy, 18 we investigated the activation of MEKK1 in our hypertrophic models. Our experiments clearly revealed that the expression level of phosphorylated MEKK1 was significantly increased in the AB-induced hypertrophic hearts of cCARD6-KO mice ( Figure 6A ). In contrast, phosphorylated MEKK1 was remarkably reduced in transgenic hearts in response to AB ( Figure 6B) . However, the total MEKK1 protein level did not differ among the tested groups ( Figure 6A and 6B) . Thus, we deduced that CARD6 may modulate cardiac hypertrophy through the activation of MEKK1. To further confirm our hypothesis, the in vitro data also demonstrated that CARD6 upregulation by infection with AdCARD6 remarkably limited Ang II-induced MEKK1 activation ( Figure S7B) ; in sharp contrast, MEKK1 activation was aggravated largely by the expression of AdshCARD6 ( Figure S7A ). Collectively, both the in vivo and in vitro data suggested that the protective role of CARD6 in pathological cardiac hypertrophy is dependent, at least partially, on the inactivation of MEKK1.
Discussion
In the present study, we elucidated the role of CARD6 in pressure overload-induced cardiac remodeling using loss-of-function and gain-of-function approaches. Our data revealed that cardiac-specific overexpression of CARD6 protected hearts against maladaptive hypertrophy, dilatation, and fibrosis in response to chronic pressure overloading, whereas loss of CARD6 exhibited an exaggerated response of pathological cardiac remodeling. Mechanistically, we demonstrated that after AB, CARD6 exerted an antihypertrophic effect through repression of its target MEKK1, thereby suppressing downstream MEK-ERK1/2 and JNK 1/2 signaling, as summarized in Figure S8 . Thus, we provide the first evidence indicating that CARD6 plays a critical role in attenuating pressure overload-induced cardiac remodeling.
CARD6, a microtubule-interacting protein, is structurally and functionally related to the superfamily of interferon-inducible GTPases, a group that comprises host defense proteins, which mediate cell-autonomous immunity.
7 CARD6 itself is rapidly induced by interferon-β and interferon-γ in bone marrow-derived macrophages. 6 Notably, CARD6 is expressed ubiquitously in various tissues including the heart, 5 but it is unclear whether its expression levels are altered under pathological stimulus. In the present study, we found that in response to hypertrophic stress, CARD6 expression was increased progressively in adaptive hypertrophy (the first 2 and 4 weeks after hypertrophy stimuli) and then markedly decreased in maladaptive cardiac remodeling (the past 4 weeks). However, CARD6 exhibited a decrease during decompensated heart failure. The limitation of this study was that the mechanisms regulating CARD6 expression pattern were not clarified. However, a mechanism can be hypothesized based on the studies of other negative regulators of cardiac hypertrophy. Several endogenous factors, for example, inducible cAMP early repressor, interferon regulatory factor 3, calcineurin inhibitor 1, and suppressor of cytokine signaling 3, display increased expression in hypertrophic hearts. [19] [20] [21] [22] The results of these studies were similar to our CARD6 finding, and this increased expression may be a compensatory response to cope with the detrimental effects of hypertrophy. These negative regulators of hypertrophy are relatively low under basal conditions but upregulated in response to hypertrophic stimuli, and they counteract the adverse effect on cardiac hypertrophy. 23 Another mechanism may also contribute to the increased CARD6 level, which may include an endogenous feedback loop related to CARD6. Consistent with our results, the increased level of CARD6 induced by hypertrophic stress may in turn inhibit the activation of upstream pathways, which may eventually induce the downregulation of CARD6 expression during maladaptive cardiac remodeling. More importantly, this conclusion was supported by our data revealing that CARD6 deficiency accelerated the hypertrophic response of mouse heart to AB but that the overexpression of CARD6 displayed the opposite response. However, further studies are required to validate this hypothesis. The mechanism underlying the antihypertrophic effect of CARD6 remains largely unclear. Considerable evidence exists to indicate that the activation of the MAPK signaling pathway contributes to the pathogenesis of cardiac hypertrophy. 24 This pathway is composed of a sequence of branches of serine/threonine kinases, including P38, JNKs, and ERKs, along with the upstream activating kinases MAP2K and MAP3K, which collectively mediate signaling for diverse stress stimuli in cardiomyocytes. 25, 26 To clarify the molecular mechanisms involved in the suppressive role of CARD6 in cardiac hypertrophy, we evaluated the activation status of the MAPK pathway in our hypertrophic models. We found that MEK1/2, ERK1/2, and JNK1/2 activation was greatly enhanced by CARD6 deficiency, but almost completely blocked by the cardiac-specific overexpression of CARD6 in response to chronic pressure overload or Ang II stimulation. However, genetic manipulation of CARD6 did not have any impact on P38 protein expression in our hypertrophic models. Therefore, it is conceivable that CARD6 exerts its antihypertrophic effects through inhibition of MEK-ERK1/2 and JNK1/2 signaling.
Given that various molecules are components of ≥2 pathways within the MAPK cascades, there is potential for synergistic or antagonistic cross-talk. For example, ERK1/2 and JNK1/2 cooperate in the differentiation of PC12 cells. 27, 28 Waetzig et al 29 reported that ERK1/2 and JNK1/2 cascades signal in parallel to induce and control neurite formation and that their actions converge only at the level of upstream target proteins. In this study, we tested whether CARD6 functioned through similar mechanisms to regulate cardioprotective effects. Importantly, previous studies have reported that expression of the catalytic domain of MEKK1 preferentially activates JNK1/2, more subtly influences ERK1/2, and has little or no effect on P38. 30 When overexpressed, MEKK1 activates the ERK1/2 and JNK1/2 pathways. 31 Indeed, the results presented in this study revealed that MEKK1 activity, a major upstream regulator of ERK1/2 and JNK1/2, was significantly enhanced in AB-treated CARD6 hearts, which was in agreement with previous reports, thus favoring a role for MEKK1 in the development of cardiac hypertrophy.
18,32 Thus, we think that CARD6 may negatively regulate cardiac hypertrophy by inhibiting MEKK1-dependent MEK-ERK1/2 and ERK1/2 activation. Based on our research, we cannot explicitly state that MEKK1 is directly or indirectly regulated by CARD6. Further studies are needed to precisely determine this interaction in heart.
Cardiomyocyte enlargement is a feature of both physiological and pathological hypertrophy, but fibrosis is a classical feature of pathological hypertrophy. 33 Under pressure overload, cardiac fibrosis is associated with increased collagen accumulation within the adventitia of the coronary arteries (perivascular fibrosis), which progressively extends into the neighboring interstitial spaces (interstitial fibrosis). 34, 35 In the present study, we demonstrated that CARD6 blocked cardiac fibrosis and reduced the expression of several fibrotic mediators induced by chronic pressure overload. However, the mechanism by which CARD6 restrains cardiac fibrosis remains elusive. Previous studies have indicated that activation of the ERK1/2 and JNK1/2 signaling pathways by various stimuli is correlated with several cellular processes, such as cell proliferation and remodeling of the extracellular matrix. 36 Moreover, pharmacological inhibition of the MEK-ERK1/2 and JNK1/2 signaling pathways could have a beneficial effect on cardiac function by acting directly to decrease the proliferation of myocardial fibroblasts. 17, 37, 38 Thus, in the current study, the blockade of MEK-ERK1/2 and JNK1/2 signaling as a consequence of CARD6 overexpression likely contributed, at least in part, to reduce the degree of cardiac fibrosis observed in response to pressure overload.
In conclusion, our present work provides in vivo and in vitro evidence to support the concept that CARD6 protects against pressure overload-induced cardiac hypertrophy and failure through negative regulation of MEKK1-dependent MEK-ERK1/2 and JNK1/2 signaling pathway. These findings suggest that CARD6 may be a novel therapeutic target for the prevention of pathological cardiac hypertrophy.
Perspectives
The current study demonstrates that the essential role of CARD6 under stressful conditions is to negatively regulate the hypertrophic response in the heart. The underlying mechanisms of the protective role of CARD6 in the development of cardiac hypertrophy seem to involve the inhibition of MEKK1-dependent MEK-ERK1/2 and JNK1/2 signaling pathway. These findings will provide potential therapeutic targets for cardiac hypertrophy and heart failure.
What Is New?
• Caspase recruitment domain 6 (CARD6) is significantly altered in both failing human hearts and hypertrophic mouse hearts.
• CARD6 is a cardioprotective factor that attenuates aortic banding-induced cardiac hypertrophy, fibrosis, and dysfunction in vivo, as well as angiotensin II-induced cardiomyocyte hypertrophy in vitro.
• CARD6 negatively regulates MEK kinase-1-dependent MEK-ERK1/2 and JNK1/2 signaling activation in the development of cardiac hypertrophy and heart failure.
What Is Relevant?
• Many hypertrophic activators have been investigated, but relatively little is known about the negative modulators of cardiac hypertrophy.
• CARD6 is structurally and functionally related to the superfamily of interferon-inducible GTPases, a group that is composed of host defense proteins, which mediate cell-autonomous immunity. However, it is unclear whether CARD6 induces defensive responses to hypertrophic stresses such as biomechanical stress and neurohumoral factors.
• This study reveals a previously unrecognized role for CARD6 in the hypertrophic response and also suggests a novel interaction between MEK kinase-1 signaling and CARD6, thereby providing new insights into the molecular basis of cardiac remodeling.
Summary
The salient finding of the current study is that the absence of CARD6 in the heart profoundly aggravates aortic banding or angiotensin II-induced hypertrophy, chamber dilatation, and fibrosis via enhancement of MEK kinase-1-dependent MEK-ERK1/2 and JNK1/2 signaling pathways. Conversely, overexpression of CARD6 in transgenic mice blunts pathological hypertrophic response. These observations suggest that CARD6 may be a novel therapeutic target for cardiac hypertrophy and heart failure. 
Materials and Methods
Reagents
Antibodies against the following proteins were purchased from Cell Signaling
Technology: phospho-MEK1/2 (#9154), total-MEK1/2 (#9122), phospho-ERK1/2 (#4370), total-ERK1/2 (#4695), phospho-JNK1/2 (#4668), total-JNK1/2 (#9258), phospho-P38 (#4511), and total-P38 (#9212). The antibodies against CARD6
(#sc49403), phospho-MEKK1 (#sc13202), and total-MEKK1 (#sc252) were purchased from Santa Cruz Inc. The GAPDH (#MB001) antibody was purchased from Bioworld Technology. The BCA protein assay kit was purchased from Pierce.
We used a FluorChem E imager (ProteinSimple, FluorChem E) for visualization. Fetal calf serum (FCS) was purchased from Hyclone. Cell culture reagents and all other reagents were purchased from Sigma.
Human ventricular samples
All the procedures involving human samples conformed to the principles outlined in the Declaration of Helsinki and were approved by the Ethics Committee at Nanjing
Medical University. The samples of failing human hearts were collected from the left ventricles (LV) of dilated cardiomyopathy (DCM) patients undergoing heart transplants. The control samples were obtained from normal heart donors who had died from head trauma or intracranial bleeds and who had hearts that were unsuitable for transplantation for technical reasons. Written informed consent was obtained from each DCM patient undergoing transplantation and from the families of the prospective heart donors.
Experimental animal models
All the experiments involving animals were approved by the Animal Care and Use
Committee of Nanjing Medical University. The conditional CARD6 fl/fl mice (C57BL/6 background) were generously provided by Dr. Tak W. Mak. 
Echocardiography measurements 4
Echocardiographic measurements were performed on anesthetized (1.5-2% isoflurane) mice using a MyLab 30CV ultrasound (Biosound Esaote Inc.) with a 15-MHz probe. Table S3 .
Total proteins extracted from left ventricle tissue and cultured cardiomyocytes were first lysed in RIPA lysis buffer, and the protein concentrations were measured using the Pierce® BCA Protein Assay Kit (Pierce). The protein extract (50μg) was run on 8%-12% SDS-PAGE gels (Invitrogen) and transferred to PVDF membranes (Millipore). The membranes were blocked in TBST containing 5% skim milk powder for 1 h at room temperature and incubated with various primary antibodies overnight at 4°C. After incubation with secondary antibodies for 1 h at room temperature, the membranes were treated with ECL reagents (170-5061, Bio-Rad) prior to visualization using a FluorChem E imager (ProteinSimple, FluorChem E) according to the manufacturer's instructions. The specific protein expression levels were normalized to GAPDH present on the same nitrocellulose membrane.
Histological analysis
Hearts were fixed in 4% paraformaldehyde, and embedded in paraffin using standard histological procedures. Subsequently, 5-μm-thick sections obtained at the 
Statistical analysis
The data are presented as the mean ± SEM. Differences among groups were 6 determined by a two-way ANOVA followed by Tukey's post hoc test. Comparisons between two groups were performed using an unpaired Student's t test. The significance level was set at P＜0.05. Figure S8 Proposed model for the anti-hypertrophic process involving CARD6 in the heart. Based on the present study, we propose that CARD6 expression is induced in cardiomyocytes upon stress stimulus. CARD6 functions as a negative regulator of the hypertrophic responses in the heart through suppressing MEKK1-dependent MEK-ERK1/2 and JNK1/2 pathways, thereby reduced expression of a series of cardiac fetal genes, and consequently mitigated cardiac hypertrophy and fibrosis in response to pressure overload.
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